Introduction {#Sec1}
============

Non-alcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver disease in the developing world, and occurs in 17--30% of the population in Western countries and 2--4% worldwide^[@CR1]^. In China the prevalence of NAFLD is 10--30% and up to 75% among obese and type 2 diabetes (T2D)^[@CR2]^. At the same time, a recent large national survey estimated that 10% of Chinese adults may have diabetes and 50% may have prediabetes^[@CR3]^. NAFLD and prediabetes often co-exist and may synergistically increase the risk of both T2D and cardiovascular diseases^[@CR4]^. Finding effective ways to improve glycaemic control and hepatic steatosis are therefore urgently needed.

Previous studies have shown that calorie restriction^[@CR5]^ and exercise are effective ways to improve hepatic steatosis^[@CR6]^ and insulin sensitivity^[@CR7]^, and are therefore recommended as a first-line interventions for prevention and treatment of NAFLD and pre-diabetes^[@CR8]^. Furthermore, several randomized controlled trials have shown that increased fibre intake improves glycaemic control in patients with T2D^[@CR9]^, suggesting that it could be used as an additional tool to improve long-term glucose control. However, to date, no randomized control study has evaluated the effect of combined aerobic exercise and fibre-enriched diet on reduction of HFC and glycaemic control in people with both pre-diabetes and NAFLD.

Recent systematic reviews of randomized controlled trials indicate that exercise interventions may improve glycaemic control in subjects with impaired glucose tolerance and T2D^[@CR10],[@CR11]^. Systematic reviews have also shown that exercise can reduce hepatic steatosis in patients with NAFLD, independent of weight loss and dietary intake^[@CR12],[@CR13]^. In addition, a recent systematic review and meta-analysis of the effect of fibre intake on glycaemic control in patients with T2D showed that increased fibre intake may improve glycaemic control, and thus could be used as an adjunctive tool in the treatment of patients with dysglycemia^[@CR9]^.

In summary, although exercise or dietary intervention alone showed effective benefit on glycaemic control and NAFLD reduction, no study so far has assessed the combined effect of both exercise and high fibre intake on glycaemic control and hepatic steatosis in people with pre-diabetes and NAFLD. Therefore, we aimed to test our hypothesis that exercise training combined with increased fibre intake reduces hepatic steatosis and improves glycaemic control in pre-diabetic patients with NAFLD. The study has been registered in the International Standard Randomized Controlled Trial Number Register (ISRCTN 42622771, Date applied 10/04/2013, Date assigned, 23/04/2013, Last edited 02/02/2017).

Results {#Sec2}
=======

Participants and baseline characteristics {#Sec3}
-----------------------------------------

An overview of the study is given in Fig. [1](#Fig1){ref-type="fig"}. The study was performed between January 6 and December 25, 2013. We screened 603 individuals, of whom 115 were eligible and randomly assigned to the AEx (n = 29), Diet (n = 28), AED group (n = 29), or NI group (n = 29). Of the 115 subjects, 85 subjects (74%) completed the intervention (n = 18 in NI group, n = 22 in AEx, n = 22 in Diet, n = 23 in AED, respectively, see Fig. [1](#Fig1){ref-type="fig"}). The overall compliance was 62.1% for the NI group, 75.9% for the AEx group, 78.6% for the Diet group and 79.3% for the AED group, respectively. The main reasons for drop-out were the following: family reasons (n = 6); diseases not related to the present trial (n = 5); loss of interest (n = 5); travel (n = 6) and other personal reasons (n = 6). The high drop-out in the NI group was mainly due to loss of interest (disappointment at not being in the intervention groups).Figure 1Study profile. HFC = Hepatic fat content; NAFLD = non-alcoholic fatty liver disease; AEx = aerobic exercise; AED = exercise + diet; NI = no intervention, OGTT = oral glucose tolerance test; TG = glucose; MRS = proton magnetic resonance spectroscopy; DXA = dual X-ray densitometry; M = male; F = female.

The baseline characteristics were similar in all groups (Table [1](#Tab1){ref-type="table"}). In addition, no significant group differences were found in the primary outcomes (HFC, HbA1c and insulin sensitivity), anthropometrics, body composition, FM and FM distribution, level of physical activity, dietary intake, or serum biomarkers. The proportion of subjects with different variants of the patatin-like phospholipase domain-containing protein 3 **(**PNPLA3, GG, GC and CC) were also similar between groups. The proportion of subjects with impaired fasting glucose (IFG) and impaired glucose tolerance (IGT) was also similar between the groups.Table 1Baseline physical characteristics, background information, body composition and adiposity in different intervention groups (Mean and SD values in bracket).VariablesNI (n = 29)AEx (n = 29)Diet (n = 28)AED (n = 29)Sex (M/F, n)7/226/236/227/22Age (year)60 (3.4)59(4.4)60 (4.1)60 (3.5)Height (cm)160 (8.3)163 (9.8)161 (6.4)163 (7.2)Weight (kg)69.5 (11.9)72.3 (10.6)68.7 (9.2)70.3 (8.8)BMI (%)27.1 (2.9)27.3 (3.6)26.6 (2.7)26.4 (2.9)FM~WB~ (kg)26.1 (6.2)27.4 (6.0)25.5 (4.3)25.8 (4.6)LM~WB~ (kg)42.3 (7.5)44.7 (8.6)43.2 (7.6)44.5 (7.2)Fat~WB~ (%)38.0 (4.3)38.2 (5.9)37.3 (5.0)36.7 (5.0)FM~Android~ (kg)2.7 (0.7)2.8 (0.8)2.6 (0.5)2.5 (0.6)FM~Gynoid~ (kg)3.5 (1.2)3.7 (1.1)3.4 (0.7)3.4 (0.9)VAT (kg)1.8 (0.9)1.7 (0.5)1.6 (0.8)1.7 (0.9)SAT (kg)2.3 (0.9)2.6 (1.1)2.2 (0.7)2.1 (0.8)HFC (%)16.0 (9.8)17.1 (13.1)16.6 (11.4)17.2 (12.9)HbA~1C~ (%)6.2 (0.5)6.2 (0.4)6.0 (0.4)6.0 (0.5)Glucose fasting (mmol/L)5.7 (0.6)5.7 (0.6)5.3 (0.8)5.5 (0.6)Glucose 2 h (mmol/L)8.1 (1.4)7.9 (1.3)7.9 (1.9)8.3 (1.4)Insulin fasting (mU/L)17.2 (8.1)18.8 (11.2)14.1 (7.1)15.8 (8.3)Insulin 2 h (mU/L)131 (61)125 (84)115 (79)128 (82)Triglyceride (mmol/L)2.3 (1.9)2.0 (1.3)2.0 (1. 5)2.2 (1.1)FFA (mmol/L)0.60 (0.3)0.56 (0.2)0.60 (0.2)0.55 (0.3)ALT (U/L)22.0 (9.1)21.1 (10.1)19.8 (10.7)22.4 (10.6)GGT (U/L)33.3 (17.4)26.2 (8.9)24.0 (14.2)25.9 (11.1)AST (U/L)23.3 (8.1)28.1 (12.8)22.5 (9.6)26.8 (9.3)PNPLA3 (GG/GC/CC, %)39/29/3244/41/1526/41/3326/33/41IFG/IGT/IFG + IGT (%)24/35/4131/38/3121/57/2221/48/31N/PDB/DB\* (%)14/66/2010/73/1714/75/1110/73/17VO2max (ml/kg/min)16.2 (5.4)15.1 (5.4)17.8 (4.3)16.0 (5.1)Exercise (time/wk)2.7 (1.8)2.3 (1.4)3.2 (1.8)2.8 (1.8)Exercise (hour/wk)2.0 (1.5)1.9 (1.3)3.0 (2.1)2.6 (2.0)IE (Kcal/d)1735 (490)1767 (542)1768 (547)1787 (620)Fibre (g/d)8.7 (5.1)8.8 (4.6)12.2 (5.7)10.7 (5.3)Protein (E%)22.0 (4.3)19.3 (4.2)20.3 (3.6)20.5 (5.9)Carbohydrate (E%)47.9 (11.5)50.9 (12.6)51.3 (10.3)51.9 (9.6)Fat (E%)32.2 (9.9)30.7 (11.0)29.1 (8.4)28.4 (8.4)Alcohol use (N/Y, %)79/2172/2882/1879/21Smoking (N/Y, %)86/1490/1093/797/3ANOVA followed by Sidak between the groups.SD = Standard deviation, NI = No intervention group, AEx = Exercise group, AED = AEx + diet group, BMI = Body mass index, FM = Fat mass, FM~WB~ = Fat mass of the whole body, LM = Lean mass, HFC = Hepatic fat content, VAT = Visceral adipose tissue, SAT = Subcutaneous adipose tissue, PNPLA3 = Patatin-like phospholipase domain containing 3, VO2max = maximum oxygen uptake, EI = Energy Intake, HbA~1c~ = HemoglobinA1c, FFA = Free fatty acid, ALT = Alanine aminotransferase, GGT = γ-Glutamyltransferase, AST = Aspartate aminotransferase, IFG = impaired fasting glucose, IGT = impaired glucose tolerance, \*defined by HBA~1c~ for N = normal (HbA~1c~ \< 5.7%, PBD = prediabetes HbA~1c~ 5.7% −6.4%, DB = diabetes HbA~1c~ \> 6.4%).

Primary outcomes of efficacy analysis {#Sec4}
-------------------------------------

The mean percent changes in HFC from baseline to 8.6 months in different groups are shown in Fig. [2](#Fig2){ref-type="fig"}. HFC decreased in all intervention groups compared with the NI group. Mean change in HFC was −24.4% (95% CI −41.7 to 7.1) in the AEx group, −23.2% (−45.1 to −1.3) in the diet group, and −47.9% (−65.8 to −30.0) in the AED group, and 20.9% (−4.4 to 46.2) in the NI group (p = 0.006, p = 0.002, and p \< 0.0001, respectively, Fig. [2](#Fig2){ref-type="fig"}). After controlling for change of body weight, duration of the intervention and baseline HFC, the significant differences remained with effect size of η = 0.159 (p = 0.006, AEx vs. NI p = 0.02; Diet vs. NI p = 0.017 and AED vs. NI p = 0.001, respectively). In total, HFC decreased in 91% of the subjects in the AED group, and the corresponding figures were 68% in the AEx group, 86% in the Diet group (Table [2](#Tab2){ref-type="table"}). In contrast, 72% in the NI group increased their HFC during the intervention period. Importantly, HFC decreased to normal levels (\<5.6%) in ten (44%) of 23 participants in the exercise plus diet group, three (14%) of 22 participants in the exercise group, and nine (41%) of 22 participants in the diet group (Table [2](#Tab2){ref-type="table"}).Figure 2Change of hepatic fat content (HFC) after intervention. AEx = aerobic exercise; AED = exercise + diet; NI = no intervention; CI = confident interval. Table 2Remission and progression of NAFLD and prediabetes after intervention^a^.NIAExDietAEDχ^2^(n = 18)(n = 22)(n = 22)(n = 23)p-valueNAFLD\*(n, 1/2/3)2/3/133/12/79/10/310/11/20.001(%,1/2/3)11/17/7214/54/3241/45/1443/48/9HbA~1c~ ^†^(n, 1/2/3)1/12/52/18/25/14/33/17/30.454(%, 1/2/3)6/67/289/82/923/64/1413/74/13IFG^†^(n, 1/2/3)7/9/214/8/010/12/010/12/10.322(%, 1/2/3)39/50/1164/36/046/54/044/52/4IGT^†^(n, 1/2/3)7/8/313/5/411/9/212/8/30.786(%, 1/2/3)39/44/1759/23/1850/41/952/35/13\*1 = back to normal (HFC \< 5.6%); 2 = decreased; 3 = increased.^†^1 = back to normal (HBA1c \< 5.7%, fasting glucose \< 5.6 mmol/l, 2h-glucose \< 7.8 mmol/l); 2 = maintained prediabetes (HBA1c 5.7--6.4%, fasting glucose ≥5.6--6.9 mmol/l, 2h-glucose ≥7.8--11.0 mmol/l); 3 = become diabetes (HBA1c ≥ 6.5%, fasting glucose ≥7.0 mmol/l, 2h-glucose ≥11.0 mmol/l).^a^All the participants who have been in the final assessments.

Secondary outcomes of efficacy analysis {#Sec5}
---------------------------------------

The percentage changes of the FM in different compartments of the body are shown in Fig. [3](#Fig3){ref-type="fig"}. Compared to the NI group, the AED and AEx groups decreased significantly their FM of the whole body (FMwb, p = 0.001 and p = 0.002) and in the android region (p \< 0.001 and p = 0.006). The diet group also lost more their FM in the android region (p = 0.009) and tended towards lower FM in the whole body (p = 0.051). Both AED and AEx groups also had reduced FM in gynoid region compared with the NI group (p = 0.025 and p = 0.028). Visceral (VAT) and subcutaneous (SAT) FM decreased with time in all intervention groups (VAT: AEx p \< 0.001; Diet p = 0.007; AED p = 0.019, SAT: AEx p = 0.005; Diet p = 0.075; AED p = 0.063), but not in the NI group. However, no significant group-by-time differences were found.Figure 3Change of central body fat mass after intervention. AEx = aerobic exercise; AED = exercise + diet; NI = no intervention; FMwb = fat mass of the whole body; FM~android~ = fat mass of the android region; FM~gynoid~ = fat mass of the gynoid region; VAT = visceral adipose tissue; SAT = abdominal subcutaneous adipose tissue. The scan pictures were taken from one of the researchers as quality control during the study.

Furthermore, we found that glycated haemoglobin (HbA~1c~) decreased significantly in the AED group compared to the NI group (p = 0.01), Diet (p = 0.027) and AEx (p = 0.049) groups **(**Fig. [4a](#Fig4){ref-type="fig"} **)**. The change of HbA~1c~ was −1.5% with 95% CI of −3.5 to 0.5 in the AEx group, −1.1% with 95% CI of −3.2 to 0.95 in the diet group, −4.4% with 95% CI of −6.4 to −2.4% in the AED group and −0.65% with 95% CI of −2.6 to 1.3% in the NI group, whereas insulin sensitivity index (ISI) increased in all intervention groups compared to the NI group (AEx: 33%, p = 0.023, Diet: 37%, p = 0.012 and AED: 34%, p = 0.029, respectively, Fig. [4b](#Fig4){ref-type="fig"}). However, after controlling for the change of body weight, duration of the intervention and baseline values, the significant differences in HbA~1c~ and ISI between the groups disappeared. Furthermore, after intervention, on the basis of HbA~1c~ IFG or IGT, no significant remission and progression from prediabetes to diabetes were found between the intervention and NI groups (Table [2](#Tab2){ref-type="table"}).Figure 4Change of HbA~1c~ and insulin sensitivity after intervention. AEx = aerobic exercise; AED = exercise + diet; NI = no intervention; CI = confident interval; HBA~1c~ = glycated haemoglobin; ISI = insulin sensitivity index.

Intention to treat (ITT) analysis {#Sec6}
---------------------------------

When using ITT analysis, the significant changes of HFC, body weight, FM and fat% of the whole body as well as FM in the abdominal region in all intervention groups remained but no group by time differences were found (Table [3](#Tab3){ref-type="table"}). However, after controlling for the change of body weight, duration of the intervention and baseline values, significant group differences were found for HFC (AEx vs. NI p = 0.006, Diet vs. NI p = 0.006, AED vs. NI p \< 0.001, respectively), FM (AEx vs. NI p = 0.011, Diet vs. NI p = 0.048, AED vs. NI p = 0.013, respectively), fat% (AEx vs. NI p = 0.003, Diet vs. NI p = 0.042, AED vs. NI p = 0.010, respectively). Significant changes were also found between AED and NI groups in body weight (p = 0.005), VAT (p = 0.008) and FM~android~ (p = 0.025) after controlling for the change of body weight, duration of the intervention and baseline values. The effect size was η = 0.097 (p = 0.010) for HFC, η = 0.116 (p = 0.003) for FM, η = 0.128 (p = 0.002) for fat%, η = 0.078 (p = 0.029) for FM~android~, and η = 0.066 (p = 0.054) for VAT, respectively. However, the significant changes in HbA~1c~ and insulin sensitivity found in the efficacy analysis disappeared, and no significant group by time difference was found in fasting and two-hour glucose and insulin, serum triglycerides, free fatty acids FFA, and liver enzymes (Table [3](#Tab3){ref-type="table"}).Table 3Mean (95% confidence interval) values of HFC, body composition, biomarkers during intervention over 6-month period (ITT).VariablesNI (1)AEx (2)Diet (3)AED (4)Group by timeBaselineInter-ventionBaselineInter-ventionBaselineInter-ventionBaselineInter-ventionWithin GroupsBetween GroupsNIAExDietAED1-21-31-42-32-43-4HFC (%)16.0 (12--20)18.8 (15--23)17.7 (13--22)12.2 (8--16)16.7 (12--21)11.3 (7--15)17.2 (13--22)9.6 (6--14)0.2220.0180.0250.0010.3180.1590.1050.7630.5300.842Weight (kg)69.5 (66--73)69.7 (66--74)72.3 (69--76)71.3 (67--75)68.7 (65--73)67.9 (64--72)70.3 (67--74)68.8 (65--73)0.7950.0460.0840.0030.4230.6450.9950.2110.4190.649LM (kg)40.6 (38--43)40.4 (38--43)42.5 (40--45)42.5 (40--45)41.0 (38--44)41.0 (38--44)42.3 (40--45)42.0 (39--45)0.4780.9600.9730.1850.2960.8070.3980.4280.8410.553FM~WB~ (kg)26.3 (24--28)26.5 (25--29)27.4 (25--29)26.2 (24--28)25.6 (24--28)25.0 (23--27)25.8 (24--28)24.6 (23--27)0.432\<0.0010.072\<0.0010.7850.4150.3720.2790.2450.944Fat (%)38.0 (36--40)38.3 (36--40)38.1 (36--40)37.0 (35--39)37.3 (36--39)36.9 (35--39)36.7 (35--39)35.8 (34--38)0.253\<0.0010.0780.0010.6820.4430.1660.7170.3280.543FM~Android~ (kg)2.7 (2.5--3.0)2.8 (2.5--3.0)2.7 (2.5--3.0)2.6 (2.4--2.9)2.6 (2.3--2.8)2.5 (2.2--2.7)2.5 (2.3--2.8)2.3 (2.1--2.6)0.4540.0190.1210.0010.6530.1880.580.3820.1460.568FM~Gynoid~ (kg)3.4 (3.1--3.8)3.4 (3.1--3.7)3.7 (3.3--4.0)3.5 (3.2--3.8)3.4 (3.0--3.7)3.3 (3.0--3.6)3.4 (3.1--3.8)3.3 (2.9--3.6)0.6190.0010.1770.0050.4760.7520.7880.3070.3270.960VAT (kg)1.8 (1.5--2.1)1.9 (1.5--2.2)1.7 (1.4--2.0)1.6 (1.2--1.9)1.6 (1.3--1.9)1.3 (1.0--1.7)1.7 (1.4--2.0)1.3 (1.0--1.6)0.5200.2230.0980.0010.3820.0640.1020.3210.4430.815SAT (kg)2.3 (1.9--2.6)2.2 (1.8--2.6)2.6 (2.3--2.9)2.4 (2.1--2.8)2.2 (1.8--2.5)2.1 (1.7--2.5)2.2 (1.8--2.5)2.0 (1.6--2.3)0.4440.0400.2720.0140.2380.6970.5000.1200.0650.780Glucose fasting (mmol/L)5.6 (5.4--5.9)5.8 (5.6--6.1)5.7 (5.4--5.9)5.5 (5.3--5.8)5.2 (5.0--5.5)5.5 (5.3--5.8)5.5 (5.3--5.8)5.6 (5.4--5.9)0.1320.4580.0420.3380.4060.0250.3690.1490.9460.169Glucose 2-h (mmol/L)8.2 (7.6--8.8)8.1 (7.1--91)8.1 (7.4--8.7)7.7 (6.7--8.6)7.8 (7.2--8.5)8.1 (7.1--9.1)8.4 (7.7--9.0)8.2 (7.2--9.2)0.8690.4770.6050.7800.4860.6690.7500.7920.3100.457Insulin fasting (µIU/mL)15.7 (12--20)15.8 (13--18)16.2 (13--19)16.1 (14--19)14.4 (11--18)14.3 (12--17)16.5 (13--20)15.8 (13--18)0.6750.9220.9390.6510.6680.5420.6910.3020.9750.316Insulin 2-h (µIU/mL)120 (91--149)100 (70--131)107 (78--137)87 (57--117)118 (89--147)79 (57--102)123 (94--153)90 (68--112)0.2750.2640.0360.0710.3280.3910.8010.9100.4730.548HbA~1c~ (%)6.2 (6.0--6.3)6.2 (6.0--6.3)6.1 (6.0--6.3)6.1 (6.0--6.3)6.1 (5.9--6.2)6.0 (5.9--6.2)6.1 (5.9--6.3)6.0 (5.8--6.2)0.7780.9110.8730.2510.6690.2340.2740.4420.5040.915ISI62 (50--74)65 (52--79)66 (53--78)75 (62--88)74 (61--87)79 (65--92)59 (47--72)72 (59--85)0.6460.1870.5250.0810.3610.0970.7970.4460.5070.197Triglyceride (mmol/L)2.3 (1.8--2.9)2.2 (1.7--2.7)1.9 (1.4--2.5)2.0 (1.5--2.5)2.1 (1.5--2.6)2.1 (1.6--2.6)2.2 (1.6--2.7)2.3 (1.8--2.8)0.5680.7660.9460.5900.3240.5280.9570.7290.3510.563FFA (mmol/L)0.6 (0.5--0.6)0.5 (0.4--0.6)0.6 (0.5--0.7)0.4 (0.4--0.5)0.6 (0.5--0.7)0.5 (0.4--0.5)0.5 (0.4--0.6)0.5 (0.4--0.6)0.1730.0010.0030.5220.8490.6330.8420.4990.9930.495ALT (U/L)22.0 (17--27)23.5 (19--28)22.8 (18--28)21.3 (17--26)22.6 (18--28)18.2 (14--23)23.6 (19--29)22.1 (18--27)0.6380.6410.1680.6270.7950.3760.9620.5300.7590.352AST (U/L)23.4 (20--27)27.4 (24--31)26.9 (23--30)23.7 (20--27)22.5 (19--26)22.9 (19--26)26.8 (23--30)21.9 (18--25)0.0910.1730.8660.0340.9780.1690.5930.1740.6090.390GGT (U/L)33.3 (29--38)30.7 (25--37)26.2 (21--31)27.4 (21--34)22.5 (18--27)24.3 (18--31)27.6 (23--32)27.9 (22--34)0.2850.6030.4700.8960.1420.0170.2260.3410.7940.227Mixed model for repeated measures (2 factor interactions: group × time) followed by Sidak correction for within and between groups. Data were imputed to include all subjects who were randomized to different intervention groups (n = 115).ITT = Intention to treatment analysis; NI = No intervention group; AEx = Exercise group; AED = AEx + Diet group; FM = Fat mass, HFC = Hepatic fat content; LM = Lean mass, VAT = abdominal visceral fat content, SAT = abdominal subcutaneous fat content, ISI = insulin sensitivity index (Matsuda Index); HbA~1c~ = glycated haemoglobin; FFA = Free fatty acids, ALT = Alanine aminotransferase; AST = aspartate aminotransferase; GGT = γ-glutamyltransferase.

Other outcomes {#Sec7}
--------------

Aerobic fitness (VO~2max~) increased in all groups but the increase was greater in the AED and AEx groups compared to the NI group (p \< 0.05 for both) 0.001) (Table [S1](#MOESM1){ref-type="media"}). There were no significant group by time differences in the dietary energy and energy yield nutrient intakes, except for fibre (Table [S1](#MOESM1){ref-type="media"}), which was increased in the diet and AED groups compared to the AEx and NI groups (p = 0.006 −\<0.01), with an effect size (η) of 0.38.

Discussion {#Sec8}
==========

The current study shows, for the first time according to our knowledge that combined aerobic exercise and fibre-enriched diet reduces hepatic steatosis more than either exercise or increased fibre intake alone. In fact, HFC decreased to normal level (\<5.6%) in 44% of the participants in the exercise plus diet group. These findings have significant clinical implications for pre-diabetic patients with NAFLD because they show that if lifestyle interventions are instituted at the appropriate time they can prevent NAFLD progression.

In China the prevalence of NAFLD and prediabetes is increasing rapidly, reaching epidemic proportions^[@CR2]^. These metabolic disorders are largely attributable to lifestyle changes that have occurred over recent decades, and therefore specific lifestyle interventions attempting to modify patients' diet and physical activity may have the potential to reduce the severity of NAFLD and prevent development of diabetes^[@CR14],[@CR15]^. Vilar-Gomez *et al*.^[@CR16]^ demonstrated that level of improvement in histologic features of nonalcoholic steatohepatitis (NASH) after lifestyle intervention is associated with the degree of weight loss. A recent meta-analysis of twenty randomized controlled trails with 1073 NAFLD patients found that exercise can exert beneficial effects on intrahepatic triglycerides even in the absence of weight loss^[@CR15]^. Our study complements this by showing significant reduction in HFC in the intervention groups, independent of change in body weight.

Previous studies indicate that patients affected with NAFLD are at increased risk of developing inflammation and subsequently fibrosis and chronic liver disease^[@CR17],[@CR18]^. In order to obtain accurate information regarding the degree of inflammation and the present of fibrosis, repeated liver biopsies would have been needed. However, given the invasive nature of the biopsy procedure and the possible risks it pertains, it would have been unethical to obtain biopsies from the "healthy" patients in the present study. In fact, our aim was not to study NASH; instead we focused on the most sensitive non-invasive parameter (liver fat content measured with ^1^H MRS) which has been shown to be highly correlated with whole body insulin sensitivity^[@CR19]^ and metabolic imbalance can be detected at an early stage (liver fat content varying between 0.5% and 39.3%)^[@CR20]^. This illustrating ^1^H MRS provides unique information which cannot be obtained otherwise.

In the Da Qing study^[@CR21]^ exercise training and/or diet counselling led to a significant decrease in the incidence of diabetes over a 6-year period among those with impaired glucose tolerance. The Finnish Diabetes Prevention Study showed that, in addition to physical activity, increased fibre intake was associated with long-term weight loss and decreased T2D risk^[@CR22]^. Subsequently, randomized controlled trials have shown that increased fibre intake improves glycaemic control in patients with T2D^[@CR9]^. However, no previous study has assessed the combined effects of aerobic exercise training and fibre-enriched diet on glycaemic control and HFC reduction in patients with prediabetes and NALFD. Here, we show that combined exercise and fibre-enriched diet decreased HFC more than either intervention mode alone. Unexpectedly however, no significant improvement in glycaemic control was found, suggesting dissociation between hepatic steatosis and insulin resistance. This finding is in agreement with animal and human data, which have shown that under certain conditions simple hepatic steatosis is not accompanied by metabolic dysregulation but is associated with a metabolically benign state^[@CR23],[@CR24]^. Thus, it could be that hepatic fat infiltration might represent an adaptive mechanism allowing storage of lipids in their least toxic form in situations where triglyceride precursors are abundant. However, when hepatic fat infiltration reaches a critical point, the compensatory mechanism becomes overwhelmed resulting in damaged hepatocytes and impairment of glucose and lipid metabolism^[@CR24]^. Our results are therefore important from the clinical point of view because simple NAFLD can develop into more severe forms of liver disease and with existing pre-diabetes can increase the risk for T2D and cardiovascular diseases^[@CR4]^. Thus, our results suggest that increased fibre intake could be used as adjuvant to exercise training in patients with such comorbid conditions to prevent disease progression. More randomized controlled studies with larger samples size are needed to confirm these findings.

In earlier intervention studies exercise training has generally been performed by using brisk walking or treadmill^[@CR25],[@CR26]^. In the present study, patients exercised using Nordic walking, which is a walking technique using two poles and mimicking the movements performed while cross-country skiing. This walking technique is associated with the involvement of more muscle groups than in the case of classic walking, and therefore makes it possible to increase exercise intensity, resulting in more effective training in a safe and well tolerated way^[@CR27]^. Nordic walking has shown to be effective in reducing fat mass^[@CR28]^. Besides exercise, increased soluble fibre intake may have played an important role in reducing fat mass and increasing insulin sensitivity in the present study. Our results suggest when the fibre intake is low, increasing the fibre intake even to the recommended level may have significant impact on health. Previous work has shown that soluble fibre modulates the postprandial glycaemic response through its effects on the stomach and small bowel^[@CR9]^. In addition, both soluble and insoluble fibre intake can improve glycaemic control by increasing insulin sensitivity^[@CR29]^. However, the mechanisms associated with the beneficial effect of fibre-enriched diet on glycaemic control have not yet been fully established and the basis of the effect on HFC reduction is even more unclear. Nonetheless, this finding is all the more important for pre-diabetic patients with NAFLD who have heightened risk for type 2 diabetes.

Nutrition and meal planning are known often to be the most challenging aspects of diabetes self-care^[@CR30]^. The novelty of this study is that, in addition to dietary counselling, we provided lunch to both diet and exercise plus diet intervention groups for the entire duration of the intervention. Thus the daily nutritional intake at least one-third of the meals of each subject was controlled, which is likely to increase the reliability of our results. In addition, the exercise training was performed in community parks near the participants' home to make attendance of the supervised sessions as convenient as possible, thereby increasing compliance. However, because all participating subjects originated from the same community, the behaviour of subjects in the no-intervention group may have been affected by interaction with subjects in the intervention groups, even though we asked the no intervention subjects to maintain their existing lifestyle during the intervention. This is, for example, reflected by the observation that the fitness level of the no-intervention group also increased. It is important to note that there were no significant differences in total energy intake and energy yield nutrients between groups, except for the increased intake of fibre in the diet and diet plus exercise groups. Finally, an important aspect of the current study is that it was conducted within a large community, meaning the district volunteers, the nurses from health care centres, hospital doctors and university researchers all had to work seamlessly together to make this study possible. Thus, this study presents a model that can be applied through a community's health education and promotion program which can result in significant health benefits for its participants. We feel that all the aforementioned aspects aiming to optimally control the current study add to the reliability of the observed results and strengthen our conclusions.

We recognize that the sample size in our study is relatively small but the observed effect sizes are similar to other intervention studies reported in systematic reviews for randomized lifestyle trials^[@CR10],[@CR12]^. Of note, the main outcomes of the intervention have been assessed with both efficacy and intention-to treat analysis. Recently, a variation in the PNPLA3 gene has been reported to influence the development of NAFLD^[@CR31]^. However, in our study, there were no significant differences in the distribution of PNPLA3 genotypes (GG, GC and CC) among the groups and thus response of exercise and diet intervention was unlikely to be affected by this gene variant. Giving the abovementioned reasons, the significant results obtained in this study are conservative and justified. However, studies with larger sample sizes are needed to confirm our findings.

In summary, people who have both prediabetes and NAFLD are at much higher risk of developing type 2 diabetes and cardiovascular diseases^[@CR32],[@CR33]^, and therefore finding effective ways to combat this comorbid condition are urgently needed. In this study we demonstrated that aerobic exercise training combined with fibre-enriched diet can help to reduce hepatic fat content in pre-diabetic patients with NAFLD better than either increased exercise or fibre intake alone.

Methods {#Sec9}
=======

Trial design and study population {#Sec10}
---------------------------------

This study was a four-arm parallel-group, randomized controlled trial, conducted in 7 health clinical service centres in the Shanghai Yangpu district. More detailed information regarding study design and subjects are given in our protocol paper^[@CR34]^. This report is a part of the original study design and the modification made for this report is given in supplement 1. The study was approved by the Ethics Committee of Shanghai Institute of Nutrition (06.01.2013, ref: 2013-003) and has been registered in the International Standard Randomized Controlled Trial Number Register (ISRCTN 42622771). All participants provided written informed consent prior to the study. The study was followed the world medical association declaration of Helsinki -- Ethical principles for medical research involving human subjects.

The eligibility criteria for intervention groups were as follows: Men or women aged 50--65 years with impaired fasting glucose (IFG between 5.6 to 6.9 mmol/L) or impaired glucose tolerance (IGT between 7.8 to 11.0 mmol/L 2 hour after the intake of 75 g glucose), and diagnosed as NAFLD by ^1^H MRS (liver fat \> 5%)^[@CR35]^ and by questionnaire that on-going or recent alcohol consumption is \<21 drinks on average per week in men and \<14 drinks on average per week in women^[@CR36]^; no chronic cardiovascular, serious musculoskeletal or gastrointestinal problems and not on extreme diets; and for women, serum follicle-stimulating hormone level greater than 30 IU/L and last menstruation more than 6 months ago but within 10 years. The exclusion criteria included body mass index (BMI) \>38 kg/m^2^; serious cardiovascular or musculoskeletal problems; diagnosed with Type 1 diabetes and T2D; and mental illness.

Randomisation and blinding {#Sec11}
--------------------------

After an initial screening, potential subjects were assessed for inclusion in the run-in period of the trial. The subjects were given detailed information regarding the study through information meeting in the health care centres. After eligibility was confirmed, we randomly assigned (1:1:1:1) participants to aerobic exercise (AEx, n = 29), diet intervention (Diet, n = 28), aerobic exercise plus diet intervention (AED = 29), or no intervention (NI = 29) groups for minimal 6 months. A computer program was used to generate the block randomisation sequence (block size 20) and was controlled by a researcher not involved in the selection of the participants. Although lifestyle interventions cannot be performed in a double-blinded fashion (since study subjects clearly are aware of the type of intervention), investigators were blinded for the tests and analyses during the entire study.

Study settings {#Sec12}
--------------

The laboratory tests and interventions were performed and managed by the research team from Shanghai University of Sport, Shanghai Jiao Tong University, Shanghai Yangpu District Health Care Service Centres and Yungpu Shidong Hospital, and Clinical Nutrition Centre at Fudan University Huadong Hospital, Shanghai, China.

Procedures {#Sec13}
----------

The specific design of this particular study was recently published in a detailed protocol paper by our group^[@CR34]^. Briefly, potential subjects were selected from the outpatient pool with both a liver ultrasound (for diagnosing fatty liver) and fasting blood results (for diagnosing diabetes) on file during the period of 2012 to 2013. After signing the screening consent, patients were asked to fill in a screening questionnaire to assess their health and medication history, including physical activity and alcohol consumption, and to undergo a glucose tolerance test. Those subjects who met the inclusion criteria and were willing to participate in this study were invited for measurements of height, weight, waist circumference, blood pressure, physical performance, and body composition by dual-X-ray densitometry (DXA, GE, USA, Prodigy). They were also invited for a proton magnetic resonance spectroscopy (^1^H MRS) scan for non-invasive assessment of liver fat, with NAFLD defined as \>5% liver fat content (Siemens Magnetom Verio 3 T, Siemens AG, Erlangen, Germany). The qualifying subjects were then randomized into different groups and attended information meetings organized for each individual group after which the intervention started. The baseline measurement of the HFC to the intervention starting day was within 10 days. At 1 week after intervention was stopped, the HFC was assessed. The average duration of the intervention was 8.6 months ranged from 6.8 to 11 months.

*The exercise (AEx) group*, after baseline fitness assessments, participated 2-3 times a week in a supervised progressive aerobic exercise training program (such as Nordic brisk walking + stretching and other group exercises) which was developed by an exercise researcher. The exercise sessions were performed at the community park areas which were close to the subjects' home. The intensity and duration of exercise was increased from 60% to 75% of the maximum oxygen uptake (estimated from fitness test) and from 30 to 60 min per session. In addition, each exercise sessions included a 5 min warm-up and 5 min cool-down period (such as stretching and group exercise).

*The diet group*, after baseline assessments, had a daily lunch plus an individual nutritional consultation program developed by a clinical nutritionist on the basis of each individual's dietary intakes and body weight. During the intervention, subjects were given a daily prepared meal (lunch), which accounted for 30--40% of the total daily energy intake. The meal included 37--40% carbohydrate with 9--13 g as fibre, 35--37% fat (SAFA 10%, MUFA 15--20%, PUFA 10%) and 25--27% protein. To ensure subjects consumed sufficient amounts of dietary fibre, 5 g of soluble fibre (dietary water soluble fibre) was also added to the lunch.

The meals were prepared at the canteen of Shanghai University of Sport under the guidance of a clinical nutritionist. Each meal contained three to four dishes of foods commonly eaten by Chinese in Shanghai. A trained study staff member weighed each item for each specific person according to the dietary plan and the cooked dishes were put into a named lunch box for each participant. The lunch box was then delivered to the study district community office where the study subjects were gathered. If the participants did not have time to come to pick up the meal, it was delivered to their home and the participants ate it for dinner. The other two meals (breakfast and dinner) were cooked by subjects themselves following the nutritionist advice. In addition, the diet group was advised to maintain their current level of physical activity during the intervention.

*The Exercise plus Diet (AED) group* performed the same exercise program and followed the same diet as described above for exercise and diet groups.

*The no intervention (NI) group* was advised to maintain their current level of physical activity and eating habits during the intervention. After intervention, the control group was provided with an opportunity to participate in our exercise and diet intervention program for 3 months. In this report, the follow-up results of these subjects are not included.

Measurements {#Sec14}
============

All the measurements were performed at the baseline and minimal 6 months after intervention at the Shanghai Sport University laboratory.

*The primary endpoint variable* was the change of HFC. Non-invasive measurement of HFC was performed using single-voxel proton magnetic resonance spectroscopy (^1^H MRS) on a 3 T Siemens Magnetom Verio scanner (Siemens Medical Solutions, Erlangen, Germany). Obtained spectra were analysed using the Linear Combination of Model spectra software suite which is generally considered to be the gold standard for *in-vivo* spectroscopy analysis^[@CR35]^. Briefly, the methylene and methyl peak amplitudes of the fat spectrum and the amplitude of the water spectrum were corrected because of differences in T2 decay^[@CR37]^ and molar concentrations of ^1^H nuclei in fat and water^[@CR38]^. HFC was defined as fat in relation to the total weight of liver tissue and was calculated with the following equation: HFC = Sf/\[Sf + (Sw/0.7)\], where Sf and Sw indicate the amplitudes of fat and water in the spectrum, respectively^[@CR37]^.

The other key assessments including {#Sec15}
-----------------------------------

Abdominal subcutaneous (SAT) and visceral (VAT), retroperitoneal (RAT) and intraperitoneal (IAT) fat of total region from the tip of the xyphoid to L5 was measured by ^1^H MRS. Measured volumes of the abdominal adipose tissue compartments were converted into tissue mass (kg) taking into account slice thickness and an adipose tissue density of 0.9196 g/ml^[@CR39]^. In this report, only SAT and VAT results are included.

Glucose, insulin, insulin sensitivity index of whole-body (ISI = 10,000/square root of \[fasting glucose x fasting insulin\] x \[mean glucose x mean insulin during OGTT\]^[@CR40]^ were assessed from glucose tolerance test (performed after overnight fasting, 30 minutes and 2 hours after the intake of 75 g glucose). In addition, glycated haemoglobin (HbA~1c~), total cholesterol (TC), triglycerides, alanine aminotransferase (ALT); aspartate aminotransferase (AST); γ-glutamyl transferase (GGT); were measured from serum sample by conventional methods.

rs738409, a DNA sequence variant (single nucleotide polymorphism) located in the patatin-like phospholipase domain-containing protein 3 **(**PNPLA3) locus, was assessed by forward 5′-atggggagcaaggagaggaa-3′ and reverse 5′-cgggtagcctggaaataggg-3′31. The DNA fragments were amplified with the 2X Taq PCR Master Mix (Lifefeng Biotech). Direct sequencing of PCR products was performed using the ABI Prism Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) on an ABI Prism 3700 DNA Analyzer (Applied Biosystems). All sequences were analysed by the Chromas Software (Technelysium)^[@CR31]^.

2 km walking test was performed by walking 2 kilometres as fast as possible on a flat surface^[@CR41]^. The result was recorded as a fitness index taking into account person's age, gender, height, weight, time taken to walk 2 kilometres and the heart rate at the end of the test. There were five fitness classes which can be used to compare result with the fitness of others of the same age and gender or a person's own previous results and development between the tests. The individual's result was used to set up their own personalized exercise program.

The dietary results are calculated on the basis of the China food composition^[@CR42]^. In this book, the calculation of fibre is only included insoluble fibre. The results of fibre for the diet and AED groups after intervention included also added 5 g of soluble fibre.

Sample size {#Sec16}
-----------

In the initial study design, we estimated the sample size based on previous literature of liver fat and microbiota as primary outcome variable. We estimated that 34 subjects in each group would have 85% power for mean comparison between the groups and therefore we attempted targeting to have 50 subjects in each group. However, during the recruitment period, we found that only about 20% of the subjects met the inclusion criteria and due to the limited funding, we re-calculated the sample size based on of our previous similar type of study result (changing in fat mass). Thus, for this report, sample size estimation for the primary outcome HFC with 29 individuals has 95% power to test against the hypothesis that there is change in any group. Further, when intervention groups compared with NI group having 17 subjects, the power for the HFC was 84% with \<0.05 two sided significance level. After every subject reached minimal 6 months intervention, the study did not continue to follow-up all the subjects and consequently, the follow-up study was terminated.

Statistical analysis {#Sec17}
--------------------

All data were analyzed by PASW statistics version 22 (IBM Corporation, USA). If data were not normally distributed, their natural logarithms were used. Descriptive statistics were used to present the background and anthropometric data at the baseline and follow-up assessments as mean and standard deviation (SD) unless otherwise stated.

An efficacy analysis was performed to compare the percentage change among the groups. If a participant in the AEx and AED groups did not exercise for more than 4 weeks, or a participant in the Diet group did not take the lunch provided for 4 weeks due to different reasons, they were not included in this analysis. The number of participants in this analysis was 18 in the NI, 19 in the AEx, 21 in the Diet and 20 in the AED groups, respectively.

Mixed model for the repeated measure in an intention-to-treat (ITT) analysis was performed to compare the AEx, Diet and AED groups to the NI group. To be able to perform the ITT analysis by using all the subjects randomized into different groups (n = 115), we used linear regression to impute the missing data. The interaction of group by time was compared by contrast to the NI group and within a group change was compared by time. In addition, change of body weight, intervention duration and baseline value were used as covariates. If the significance of the group by time interaction was p \< 0·05, the effect was estimated utilizing Šidák for multiple comparisons.

The percentage differences were calculated for the period between baseline and end point measurements for each individual. The comparison of percentage changes in different groups were performed using ANCOVA (treatment group × time) controlled for the baseline value using Šidák for multiple comparisons.

Measures of effect size in the ANCOVA and repeated-measures ANOVA were shown in partial η^2^. Partial η^2^ values that reached 0.01, 0.06, and 0.14 were regarded as small, medium, and large effect sizes, respectively^[@CR43]^. All tests were two-tailed, and a p value of less than 0.05 was set as significant.
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